A highly sensitive, general, and preferably nondestructive technique to detect polar molecules would greatly advance a number of fields, in particular quantum science with cold and ultracold molecules. Here, we propose using resonant energy transfer between molecules and Rydberg atoms to detect molecules. Based on an energy transfer cross section of > 10 −6 cm 2 for sufficiently low collision energies, a near unit efficiency non-destructive detection of basically any polar molecule species in a well defined internal state should be possible.
A relatively new subfield of quantum science is the investigation of cold and ultracold polar molecules. Motivated by applications such as quantum information processing [6] , precision measurements [7] , or investigation of dipolar quantum gases [8] , substantial progress has recently been made in preparing controlled molecular ensembles [9] [10] [11] [12] .
Due to their complex structure, detecting polar molecules can be a formidable challenge. In the context of cold polar molecules, a number of detection techniques have been used. These include resonantly enhanced multi photon ionization (REMPI) [13, 14] , light induced fluorescence (LIF) [15, 16] , absorption spectroscopy and imaging [17, 18] , electron impact ionization in combination with depletion techniques for state selectivity [19] [20] [21] , and ionization with a femtosecond laser [22] . For experiments with Feshbach associated alkali dimers, molecules are typically dissociated back into atoms for their detection [12] . The most widely used of these techniques, REMPI and LIF, rely on favorable properties of the molecules: sufficiently long-lived electronically excited states in the case of REMPI, and electronically excited states which primarily decay radiatively in the case of LIF. REMPI and femtosecond ionization only detect molecules in the focus of a high-power laser. Except for LIF or absorption measurements applied to the relatively unique molecule species with highly diagonal Franck-Condon factors [23] , all these techniques destroy the molecules in the process of detection. A generally applicable technique to detect molecules over a large volume with high efficiency, preferably nondestructively, would thus be of immense value.
In this paper, we propose detecting polar molecules via resonant energy transfer between molecules and Rydberg atoms. Such energy transfer processes have been studied in detail for Rydberg-Rydberg interactions, and have even been observed for molecule-Rydberg interactions, but not in the context of detecting molecules [24, 25] . We calculate the interaction cross section for the energy transfer process, demonstrating that huge values of more than 10 −6 cm 2 are possible for suitably chosen experimental parameters. Experimental scenarios for detecting molecular beams or trapped molecule ensembles are discussed, demonstrating that a near unit efficiency detection of molecules is possible, applicable to basically any polar molecule species.
We consider the dipole-dipole interaction energy between a Rydberg atom and a polar molecule. For a molecule dipole moment d mol and a Rydberg dipole moment d Ryd oriented in parallel, separated by a distance r, with an angle θ between the orientation of the dipoles and the direction of the interparticle separation, the dipoledipole energy is given by
For a molecule dipole moment of d mol = 1 Debye and a Rydberg dipole moment of d Ryd = 6600 Debye, separated by r = 1 µm and oriented side by side with θ = π/2, we obtain E d,d = 1 MHz× h, where h is Planck's constant. This relatively large interaction energy for relatively large interparticle separation makes detection of polar molecules via Rydberg atoms favorable. A relatively straightforward approach to detect polar molecules with Rydberg atoms would be to bring an atom and a molecule into close proximity and to detect the energy shift given by Eq. 1 on a Rydberg transition. This idea has in fact been suggested previously in a paper by Kuznetsova et al. [26] to read out molecular qubits for quantum information processing. However, this detection method is probably only possible in a highly controlled environment, with precise control over the molecule-Rydberg-atom separation and no other Rydberg atoms in the vicinity which would cause much larger energy shifts. A much more robust approach to detecting polar molecules with Rydberg atoms is to make use of Förster resonance energy transfer, as shown in Fig. 1 . The key ingredients are a pair of molecular states J and J + 1 and a pair of Rydberg states R 1 and R 2 with a large dipole transition moment as well as an equal energy separation between both pairs of states. We use J and J + 1 to denote the molecular states in reference to a pair of neighboring rotational states although any pair of molecular states can be considered. In this case, for a molecule initially in state J + 1 and a Rydberg atom initially in state R 1 , Förster resonance energy transfer can result in the molecule ending in state J and the Rydberg atom ending in state R 2 after the two particles fly past one another. For reversed initial conditions, the reverse process is of course equally possible. State sensitive detection of the Rydberg atom, for example via state sensitive field ionization [27] [28] [29] , thus provides a signal which depends on the presence of molecules.
We calculate the energy transfer cross section for a molecule-Rydberg-atom collision. We consider a classical trajectory, with the molecule-Rydberg-atom separation versus time t given by
Here, v is the relative velocity and b is the impact parameter. The relevant internal states for the molecule and Rydberg atom are |J + 1, R 1 and |J, R 2 , with the system initially in the state |J + 1, R 1 . The Hamiltonian for the internal states is given bŷ
where
is the dipole-dipole interaction energy, and ∆ is the energy mismatch between the pairs of states. For simplicity, we only consider ∆M = 0 transitions such that the transition dipole moment of both the molecule and the Rydberg atom are oriented along an externally applied electric field. In this case, the dipoledipole interaction energy is given by Eq. 1, with
and
Here,n = (n x , n y , n z ) is a unit vector along the direction of the externally applied electric field. Note that the dipole moments in Eqs. 4 and 5 are transition dipole moments rather than static dipole moments. Thus, no external electric field is required to orient the molecule or Rydberg atom, and the electric field is only used to define a quantization axis and, as discussed below, to match the molecule and Rydberg atom transition frequencies. We assume zero energy mismatch between the pairs of states J, J + 1 and R 1 , R 2 , i.e. ∆ = 0, in which case the time evolution for the Hamiltonian in Eq. 3 can be easily solved to obtain
This integral can be solved analytically, and the probability p 1→2 to end in state |J, R 2 is
(9) Integrating this probability over all possible values and orientations of b in the x − y plane, we obtain the energy transfer cross section
The validity of Eq. 10 depends on two conditions being fulfilled. First, Eq. 1 for the dipole-dipole interaction energy is only valid when the molecule-Rydberg separation is sufficiently larger than the radius r Ryd of the Rydberg atom. Thus, Eq. 10 is only valid for σ ≫ r 2 Ryd . Second, Eq. 10 requires the energy mismatch ∆ between the two molecular states and the two Rydberg states to be sufficiently small. From a rough back-of-the-envelope estimate, the maximum value of ∆ is given by
based on ∆ needing to be smaller than the dipole-dipole interaction energy at a molecule-Rydberg atom separation of r ≈ √ σ. The Rydberg transition can be tuned close to the molecule transition using external electric fields. Possible values for the interaction cross section σ are considered in table I for four molecule species which are relevant to contemporary experiments [10, 22, [30] [31] [32] . The interaction cross section is huge, particularly for low collision energies. Various angular momentum states can be used for the Rydberg transitions for each molecule transition. For Rubidium Rydberg atoms, the s-p transitions have the highest transition dipole moments. However, the lower principle quantum numbers for the p-d and d-f transitions is advantageous for creating a highdensity Rydberg gas as discussed below. Note that the transition dipole moment of the strongest Rydberg transition close to a given molecule frequency f mol scales as
mol , allowing the interaction cross-section for other molecule transitions to be estimated.
Probably the most important experimental issue for implementing detection of molecules via Rydberg atoms is the density of Rydberg atoms that can be maintained for a given amount of time. Thus, at high Rydberg densities, Rydberg-Rydberg interactions cause redistribution of the Rydberg population among different states and even avalanche ionization [37] . In Ref. [37] , it is found that this occurs at a rate of about 300 kHz for Rydberg atoms in the 46D state at a density of 10 9 cm −3 . This rate roughly scales with the Rydberg principle quantum number n as n 4 , but depends on details such as the attractive or repulsive nature of the long-range van-derWaals interaction between the Rydberg atoms [37] . For the examples below, we assume that a Rydberg atom density of at most 10 9 cm −3 can be maintained for 1 µs for n = 50, with the density inversely proportional to the duration and scaling as n −4 with n. Interestingly, since the achievable Rydberg atom density scaling as n −4 dominates over the Rydberg transition dipole moment scaling as n 2 , Rydberg based detection of molecules will likely work best for large molecule transition frequencies and correspondingly low n where the interaction cross section is smaller. In this sense the examples of H 2 CO and RbCs in table I are chosen poorly, since they focus on lower molecular transition frequencies to exemplify the large interaction cross sections that can be obtained. In principle, molecule transitions with much higher transition frequencies exist, but even for the transitions in table I large detection efficiencies are possible for achievable Rydberg densities, as discussed next.
As a first experimental scenario for detecting molecules via Rydberg atoms, we consider detection of molecules in a beam traveling at a velocity v 100 m/s. This is very roughly the limit on v such that the condition σ ≫ r 2 Ryd discussed above holds. Such a beam might be generated, for example, by Stark deceleration [38] , buffergas cooling [21, 39] , or velocity filtering [40] . We consider Rydberg atoms spread over a length L along the beam and assume that a Rydberg density ρ Ryd is maintained for a time T = L/v, corresponding to the time for a molecule to traverse the Rydberg cloud. T might reasonably be in the range 1−100 µs. According to the previous discussion, the maximum possible Rydberg density is (n/50) −4 /T × 10 9 µs cm −3 . For a moleculeRydberg cross section σ, the probability χ for a molecule traversing the Rydberg cloud to interact with an atom is χ = L σ ρ Ryd = v σ (n/50) −4 10 9 µs cm −3 .
Since σ ∝ 1/v, χ is independent of the molecule velocity and the interaction length L, and is tabulated for the transitions considered in table I. χ is the maximum probability to detect a molecule when producing Rydberg atoms in a single shot, and is as large as 8 % for the transitions in table I. Since Rydberg atoms can be created over a large area of 1 mm 2 or more without affecting the detection efficiency, molecules can be detected over a large area which is a key advantage of this method.
Two issues affecting detection of beams of molecules are the molecule pulse length and signal to noise ratio. For a molecule pulse duration shorter than the Rydberg state lifetime, Rydberg atoms can be produced in a single shot. This is often the case for Stark deceleration, with a pulse length of, e.g., 3 mm independent of velocity [38] . For buffergas cooling and velocity filtering, molecule pulses are substantially longer or even continuous. In this case Rydberg atoms will need to be produced repeatedly to obtain a high detection efficiency.
Molecule detection will work best if molecules induce transitions to the final Rydberg state at a faster rate than background processes. The former rate is given by v σ ρ mol , where ρ mol is the molecule density. We consider two background processes, Rydberg-Rydberg interactions and blackbody radiation. While the exact effect of Rydberg-Rydberg interactions would need to be investigated, the results in Ref. [37] indicate that most Rydberg atoms remain in the initial state even when a substantial fraction of Rydberg atoms has been ionized due to Rydberg-Rydberg interactions. The effect of RydbergRydberg interactions can be suppressed by reducing the Rydberg density and correspondingly increasing the interaction time to maintain the same detection efficiency.
Unlike Rydberg-Rydberg interactions, the rate of blackbody induced transitions is constant at a given temperature and can be directly compared to the transition rate due to molecules. For the transitions in table I, the blackbody transition rate and the molecule induced transition rate are equal for molecule densities of ∼ 2.4 × 10 6 cm −3 , 6.0 × 10 7 cm −3 , 5.2 × 10 5 cm −3 , and 7.8 × 10 6 cm −3 for H 2 CO, CH 3 F, RbCs, and LiCs, respectively. Lower densities can of course be detected, but in this case the majority of signal would be due to blackbody radiation and would need to be subtracted. Alternatively, a low-background detection could be performed in a cryogenic environment.
As a second experimental scenario, we consider molecules and Rydberg atoms in a trap. The derivation of Eq. 12 applies almost identically to trapped molecules, leading to the same single shot detection efficiency. A key advantage of detecting molecules in a trap is that Rydberg atoms can be excited repeatedly in the same volume to probe the same molecules, allowing the detection efficiency to be increased arbitrarily close to unity. After several detection events, a substantial fraction of molecules will have been transferred to the second molecule state, reducing the signal. At that point, atoms can be alternatingly produced in the two Rydberg states, thereby shuffling the molecules back and forth between the two molecule states and allowing a molecule to be detected multiple times. In this way, even a sub-shot-noise detection of the molecule number is possible.
A key consideration for detecting trapped molecules is the effect of the trapping fields. First, strong electric or microwave fields to trap molecules will field ionize the Rydberg atoms, and the trapping fields would thus need to be switched off during detection. Optical or magnetic traps might thus be preferable. Second, the trapping fields will cause inhomogeneous broadening of the molecule and Rydberg transitions. According to Eq. 11, for a velocity of 1 m/s, the energy mismatch between the molecule and Rydberg transitions must be less than about 50 kHz× h for the transitions in table I. This is roughly three orders of magnitude less than the kinetic energy of a molecule at 1 m/s. Thus, either the trapping fields will need to be switched off during detection independent of the effect on the Rydberg atoms, pairs of states with almost identical energy shift vs. trapping field will be needed, or a decrease in the energy transfer cross section will need to be tolerated.
As a specific example for detecting trapped molecules, we consider an ensemble of molecules at roughly 1 mK occupying a volume of 1 mm 3 in a quadrupole electric trap, superimposed on a magneto-optical trap for atoms. A single detection sequence might consist of switching off the electric trap (∼ 1 µs), exciting Rydberg atoms with a laser (∼ 1 µs), interrogating for 10 µs, field-ionizing the Rydberg atoms (∼ 1 µs), and switching the electric trap back on (∼ 1 µs). The previous discussion on background processes applies equally to trapped molecules, and at least 500 to 60000 trapped molecules would be needed so that molecule induced transitions dominate over blackbody radiation induced transitions.
Slightly modifying the previous example corresponds to detection of a single molecule. Thus, a single molecule and a single Rydberg atom confined to a volume of (10 µm)
3 is equivalent to a density of 10 9 cm −3 . For a cross section of 10 −6 cm 2 at 1 m/s, a molecule-Rydbergatom interaction will occur on average every 10 µs.
The proposed molecule detection technique is likely to be of great benefit for a wide variety of experiments. Thus, we have shown that Rydberg detection of molecules can be a highly efficient technique to detect molecular beams or trapped ensembles of molecules. Rydberg detection would be of particular benefit for the many molecule species without suitable electronic states for REMPI-or LIF-based detection schemes, as its only requirement is a molecule species with a permanent electric dipole moment in the molecule frame. Rydberg detection can be implemented with minimal overhead in current experiments with alkali dimers as well as future experiments using ultracold alkali atoms for sympathetic cooling of molecules, as such experiments automatically contain alkali atoms which could be excited to Rydberg states for molecule detection. As a final note, we emphasize that Rydberg detection is nondestructive, in that the molecules persist in a well-defined state after detection. This would be particularly beneficial, e.g., for quantum information processing with arrays of molecules where the positions of individual molecules need to be determined before an experiment is performed.
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